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It is well established that Pseudomonas aeruginosa cells grown in Mg2+-deficient medium acquire nonmutational resistance to the chelator ethylenediaminetetraacetate and to the cationic antibiotic polymyxin B; this type ofresistance can be reversed by transferring the cells to Mg2+-sufficient medium for a few generations. Stable mutants resistant to polymyxin B were isolated and shown to have also gained ethylenediaminetetraacetate resistance. Both the mutants and strains grown on Mg2e-deficient medium had greatly enhanced levels of outer membrane protein Hi when compared with the wild-type strain or with revertants grown in Mg2+-sufficient medium. It was determined that in all strains and at all medium Mg2+ concentrations, the cell envelope Mg2+ concentration varied inversely with the amount of protein Hi. In addition, the increase in protein Hi in the mutants was associated with an increase in resistance to another group of cationic antibiotics, the aminoglycosides, e.g., gentamicin. We propose that protein Hi acts by replacing Mg2+ at a site on the lipopolysaccharide which can otherwise be attacked by the cationic antibiotics or ethylenediaminetetraacetate.
In recent years considerable difficulty has been experienced in the treatment of Pseudomonas aeruginosa infections, due to the difference between in vitro and in vivo antibiotic susceptibilities (4, 6) . Two possible causes are the development of adaptive (nonmutational) resistance in vivo (as demonstrated for certain antibiotics in vitro [1, 9, 18] ) and the antagonism of antipseudomonal antibiotics, such as polymyxin B and aminoglycosides, by Mg2" and Ca2" (16, 23) . Brown and Melling (1) first demonstrated that growth of sensitive P. aeruginosa in Mg2-limited medium resulted in the acquisition of resistance to polymyxin B and EDTA (see also reference 9). The latter observation was particularly interesting, since P. aeruginosa is unusually susceptible to lysis by EDTA (c.f. enteric bacteria [19] ). The fact that the Ca2+-specific chelator ethylene glycol-bis(,8-aminoethyl ether)-N,N-tetraacetate was relatively ineffective (13, 19) , combined with the results for Mg2+-limited cells, suggested a key role for Mg2' in EDTA and polymyxin B lyses. Recently, the separation of outer and inner membranes of P. aeruginosa in the absence of EDTA was reported by Hancock and Nikaido (11). Six to eight major outer membrane proteins were shown to be present, depending on the growth conditions (10 The aeruginocins used were a P. aeruginosa typing set sent to us by A. Kropinski, in addition to the aeruginocins from strain H41 received from J. Govan (University of Edinburgh, Edinburgh, Scotland) and from strains PAF41 and PAH108 from B. Holloway (Monash University, Clayton, Victoria, Australia). The receptors of these aeruginocins are as yet uncharacterized, but they inhibit H103 and AK1144 equally well, although some only inhibit AK43 (but not H103).
Characterization of whole cell, cell envelope, and outer membrane proteins. For whole cell preparations, 18-h or mid-logarithmic-phase (grown to an optical density at 650 rum of 0.6) cultures were centrifuged down, and the cells were suspended in 2% sodium dodecyl sulfate-20 mM Tris-hydrochloride, pH 8.0. After treatment at 100°C for 10 min, residual cells were removed by centrifugation at 27,000 x g for 20 min. The resulting supernatant was sonicated (1 min, setting 5, Biosonik sonicator [Bronwill Scientific, Inc., Rochester, N.Y.]) to shear DNA and reduce viscosity, and the sample was applied directly to the gel. Outer membranes were prepared as described previously (10) . To prepare cell envelopes, cells from 18-h or midlogarithmic-phase cultures were collected by centrifugation, suspended in 10 mM sodium phosphate buffer (pH 7.4) containing 0.1 mg of pancreatic DNase I (Sigma Chemical Co., St. Louis, Mo.) per ml, and broken in a French Press at 14,000 lb/in2. Whole cells were removed by centrifugation (1,000 x g, 10 min), and the resulting supernatant was diluted in the same buffer and centrifuged at 160,000 x g for 2 h. The cell envelope pellet was suspended in deionized water. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was performed, using the 14% acrylamide system containing 0.07 M NaCl in the running gel as previously described (10) . Only in the presence of 0.07 M NaCl or with high acrylamide monomer concentrations are outer membrane proteins Hi and H2 separated (10) .
Antibiotic and EDTA susceptibility testing. To test lysis by either polymyxin B or EDTA-Tris, cells were grown in BM2 succinate medium, containing the appropriate concentration of Mg2+, until they reached an optical density at 650 nm of 0.6. They were then centrifuged down and suspended in either 75 ,ug of polymyxin B per ml in 30 mM sodium phosphate buffer (pH 7.4) or 10 mM EDTA-50 mM Tris-hydrochloride buffer (pH 8.5) and held at 37°C, and at regular intervals the optical density at 650 nm was read in a Perkin-Elmer model 124 Other a8says. The Mg2e and Ca2" levels of cell envelopes were obtained by atomic absorption spectroscopy with the kind help of S. Ma and D. H. Copp after extraction by the method of Kenward et al. (13) . All other assays used have been described previously (11) .
RESULTS
Resistance to polymyxin B and EDTA.
Our wild-type P. aeruginosa PAO1 strain, H103, grown on Mg2e-sufficient medium was susceptible to EDTA and polymyxin B killing (Table 1) and lysis (Fig. 1) . In contrast, H103 grown under Mg2e-deficient conditions was 70-to 700-fold more resistant to these agents (Table 1, Fig. 1 ), in agreement with previously published results (1, 9) . This resistance could be reversed by culturing H103 on Mg2e-sufficient medium for a few generations. Two polymyxin B-resistant mutants of H103, strains H181 and H185, were resistant to EDTA and polymyxin B killing (Table 1) and lysis ( Fig. 1) , irrespective of the me-VOL. 143, 1980 dium Mg2" concentration. The mutant phenotype was stable for eight consecutive single-colony isolations on Mg2'-sufficient medium. Six spontaneous revertants of H181 and H185 (selected for polymyxin susceptibility, e.g., strain H207) had regained all of the wild-type properties of strain H103 (see Fig. 1 and below) . These data suggest that H181 and H185 each have a single mutation resulting in phenotypic alterations mimicking those of the Mg2'-limited, nonmutationally resistant strain H103.
Outer membrane protein patterns. Outer membrane protein Hi was shown to be up to 24- fold increased in Mg2e-limited H103 cells (Fig. 2, compare gel E with gel F; , respectively, and the polymyxins also explains the 25-fold en in gel E but difference in the resistances of H181 or H185 mbraHe3oprtHe8 grown and tested at 0.5 mM Mg2e when compared with H103 grown at 0.02 mM Mg2e despite similar protein Hi levels (Table 2) . However, the resistances of these two strains grown at me alterations these Mg2+ concentrations were quite similar iemical detec-when measured in the absence of Mg2e (Table   he susceptibil-1). The changes in the levels of outer membrane mutants H181 protein Hi were also reflected by the Mg2e conginocins when centration of the cell envelopes of strains H103, n, H103. Since H181, and H185 grown at various medium Mg2+ LPS or pilus concentrations. There was a reciprocal relationhat H181 and ship between the level of Mg2e in the cell envepiliated. Fur-lope and the amount of protein Hi (Table 2) . had gross sur-Since we used defined medium without added Ls been shown Ca2+, the cell envelope Ca2" levels were low and to protein H1 unrelated to protein Hi levels. determined in Susceptibility to aminoglycosides and crylamide gel other antibiotics. Since Mg2e had been previpilin sample ously shown to antagonize gentamicin action :h (University (23), we tested our mutants for enhanced resistance to three representative aminoglycoside anid cell enve-tibiotics, gentamicin, streptomycin, and tobrahanges in the mycin, in the presence of 0.5 mM Mg2e. All nembranes of resistance levels were consistently obtained in 6 1207 grown at to 10 independent determinations. Strains H181 tions were re-and H185 were reproducibly fourfold more re- VOL. 143, 1980 sistant to gentamicin (i.e., resistant to 4 instead of 1 ,g/ml) and streptomycin (resistant to 32 instead of 8 ,ug/ml) and twofold more resistant to tobramycin (resistant to 1 rather than 0.5 Ag/ ml) than was either strain H103 or strain H207. In contrast, all strains were equally susceptible to carbenicillin and tetracycline (resistant to 16 and 8 ,ug/ml, respectively).
DISCUSSION
Both polymyxin B and EDTA can interact with P. aeruginosa LPS (3, 15 ). An early consequence of polymyxin B and EDTA action is permeabilization of the outer membrane (20) , and polymyxin B has been shown to cause blebbing of the outer monolayer of the outer membrane, which is the location of cellular LPS (8, 22) . Recently, Schindler and Osborn (21) Fig. 2, gel F) induced, we could find no statistically significant alteration in the levels of 2-keto-3-deoxyoctonate (an LPSspecific sugar), but we did find decreased Mg2e levels in the cell envelope. The fact that there appeared to be a linear reciprocal relationship between Mg2e levels in the cell envelope and protein Hi levels (see Table 2 , footnote b) suggests that protein Hi replaces Mg2e at its LPS binding site in the outer membrane (e.g., via amino groups), thus rendering the cell EDTA resistant (Fig. 1, gel A The acquired polymyxin B resistance reported here differs from that reported by Gilleland and colleagues (7, 8) . His strains, adapted to and grown with very high polymyxin B concentrations (750 ,ug/ml), are altered in colony morphology, growth rate, a number of outer membrane proteins, LPS content, and cytochrome content (7; T. Nicas and R. E. W. Hancock, unpublished data). In addition, Gilleland has concluded that the ultrastructural alterations of these strains differ from those of Mg2e-limited cells (8) . Thus, we cannot make valid comparisons of the two types of adapted strains.
Pechey and James (18) adapted a P. aeruginosa strain to growth on gentamicin and demonstrated that this strain had also acquired EDTA resistance. Culturing this strain in the absence of gentamicin resulted in reacquisition of wild-type gentamicin and EDTA susceptibilities. Thus, these adapted strains may well have changes related to the Mg2e-limited cells reported here. This paper provides a new possible molecular mechanism for non-mutationally acquired antibiotic resistance in P. aeruginosa. The acquisition of high levels of Hi results in resistance to two groups of therapeutically important antibiotics. We are currently studying the mode of induction of protein Hi to see if the cell only responds to Mg2e limitation.
